Abstract-We present a series of metrics for comparison between displacement damage due to heavy ion and neutron irradiation in silicon bipolar junction transistors. We have compared ion and fast neutron irradiations to determine an ion-to-neutron damage equivalence. We find that a combination of metrics (damage factor, Deep Level Transient Spectroscopy (DLTS) and Annealing Factor) are needed to ensure a comprehensive understanding of the physics involved in the ion-to-neutron conversion. The linearity of the damage factor (primarily probing the base-emitter junction) is not enough to ensure a valid comparison; rather, we must also use additional techniques (DLTS and capacitance measurements) to ensure that collector compensation is not occurring. As a result, care must be taken in choosing the irradiation beam for ion exposures. The displacement damage should peak in the sensitive region of the device to both ensure maximum gain degradation and to minimize collector compensation.
I. INTRODUCTION
T HE ISSUE of ion-to-neutron damage equivalence is of current interest because of the lack of fast neutron sources in the United States. Previously, components could be tested in one of several fast burst reactors (FBR). As of October 1, 2006 , the number of such facilities has dropped to one, the White Sands Missile Range FBR. For this reason, Sandia National Laboratories (SNL) is developing a first principles physics-based modeling program combined with alternative irradiation facilities to provide an alternative to FBR testing. This summary will discuss one such alternative facility: the Ion-Beam Laboratory (IBL) at SNL. We suggest a series of metrics used to determine the damage equivalence between ion irradiated and neutron irradiated devices. The neutron irradiated devices were exposed at the Sandia Pulse Reactor (SPR-III) prior to its shutdown.
In this paper we will consider a comparison between devices irradiated at the IBL using high energy heavy ions and devices tested in SPR-III. We will be comparing the inverse gain degradation [1] as defined from (1) (1) where is the final gain, and is the initial gain, as well as deep level transient spectroscopy (DLTS) [2] results and earlytime transient annealing in order to determine an ion-to-neutron damage equivalence that will be used in the development and verification of the physics-based models. Both and the DLTS amplitudes are expected to be proportional to the total number of defects and fluence.
II. EXPERIMENTAL DETAILS
Single diffusion lot 2n2222 bipolar junction transistors from Microsemi were used in these experiments to minimize the device to device variation that is present in commercial parts. Construction analysis and spreading resistance measurements were performed on these devices to accurately determine the device geometry and doping profile of the active region of the devices. These parameters are extremely important for understanding and modeling the defect formation and transport during both ion and neutron irradiations. The 2n2222 devices were chosen for these experiments because they are a well established technology and silicon has a considerable defect literature.
The ion irradiations were performed at the IBL. The ion beam was focused to a size somewhat larger than the size of the transistor die ( 0.5 0.5 mm ) and was pulsed for single irradiations ranging from 10 s to 10 ms using electrostatic deflection plates and a high voltage switch with rise and fall times of 150 ns. The currents of the transistor were monitored using current viewing resistors before, during, and after the shots. The voltages across the current viewing resistors were recorded with a Yokogawa DL750P oscilloscope-recorder. The transistors were operated in constant emitter current mode (emitter currents of 0.22 mA), provided by a current limiting diode biased to 15 V on the emitter leg. The base-collector junction was reverse-biased with 10 V on the collector. The base leg was tied to ground through a relatively large resistor to ensure an accurate measurement of the base current prior to the shot. An additional diode located on the base leg was used to ensure that the base-collector junction remained reverse-biased despite the large photocurrent response to the ion beam during the shot. For more details on the experimental setup see [3] .
The neutron irradiations were performed at SPR-III over a wide range of 1 MeV equivalent neutron fluences. SPR-III is a fast burst reactor which can be operated in either a steady-state or pulsed mode. A maximum of 1 MeV equivalent neutron fluence of 3.8 10 n/cm and a FWHM of 100 s is possible in pulsed mode. The irradiated devices were placed in the central cavity for maximum neutron fluence and to ensure a well characterized spectrum. The operation of the transistors was monitored prior to, during, and 100 s after each reactor pulse. For SPR-III operations the circuit was modified by removing the diode from the base leg [4] .
For the data presented here the ion irradiation was performed with a variety of Si ion beams with energies ranging from 10 to 48 MeV with fluences up to 1.5 10 ions/cm . This resulted in an inverse gain degradation as large as 2. In the case of the neutron irradiations, the 1 MeV neutron equivalent fluence was varied from 7 10 to 3.8 10 neutron/cm which resulted in a slightly above 1. The inverse gain degradation was determined using the final gain of the device measured 100 s after the irradiation. The DLTS spectra were taken post irradiation.
III. EXPERIMENTAL RESULTS
In Fig. 1 we plot for both ion beam (10, 28 and 48 MeV Si) and fast neutron irradiated samples as a function of 1 MeV neutron equivalent fluence. For the ion irradiated sample the 1 MeV neutron equivalent fluence was calculated using a ratio of to scale the ion fluence where is the damage factor defined by (2) and is the incident fluence
The ratios are shown in Table I for various Si energies. A discussion of the scaling technique and the method used to accurately determine how the ion fluence was calculated can be found in [3] . The SPR-III fast neutron fluence is determined from converting sulfur response (Californium Equivalent) to 1 MeV neutrons using [5] . For the 48 MeV Si irradiation the response is linear at the highest measured fluence, as predicted by the Messenger-Spratt equation [1] . However, the fast neutron and the low energy Si (10 and 28 MeV) irradiations become nonlinear at 3.0 10 n/cm 4.0 10 n/cm and 2.0 10 n/cm respectively. Fig. 2 shows a selected series of DLTS spectra of the basecollector junction for a 48 MeV Si irradiation where the ion end of range is beyond the DLTS depletion depth. We observe the common silicon defect complexes [6] including the vacancyoxygen (VO) at 95 K and the silicon di-vacancy (VV) at 135 and 233 K as expected for n-type silicon. The 233 K peak also includes contributions from the vacancy-donor and primary defects from the damage cascade. This peak is composed of several defect complexes, all of which contribute to the gain degradation. More details on the defects present can be found in the following [7] , [8] . Fig. 3 shows a plot of the DLTS peak amplitude (proportional to number of traps) as a function of fluence for the 48 MeV Si irradiation taken from Fig. 2 . We observe that as the fluence increases there is at first the expected increase of the DLTS signal, but eventually there is an overall decrease of the DLTS signal. The decrease first affects the shallow peaks and eventually extends to the whole spectrum. The decrease in the DLTS signals at high 48 MeV ion fluence is because at high fluence a fundamental requirement of DLTS [2] , that is the number of traps is much less than the doping density, is being violated. This can happen in an individual ion or neutron damage cluster resulting in band bending and incomplete filling of the DLTS ) show the response of the individual DLTS peaks. As expected the amplitude increases with increasing fluence for low fluence, the subsequent decrease in the peak amplitude is due to band bending effects as the damage clusters become close enough to locally affect the Fermi level of the system and hence prevent the filling of the traps. This results in a lower DLTS signal, as we are no longer able to fill (or count) the traps in the system. As expected the shallowest traps (lowest temperature) are affected first. levels [8] , but at higher fluence the damage clusters can overlap. The cluster overlap is more significant because it can result in compensation of large regions of the collector. Hence the dramatic decrease of the DLTS signal at high fluence shown in Fig. 3 should be interpreted as a combination of collector compensation and local band bending (resulting in incomplete filling of the DLTS traps), not as a change in the defect spectrum.
In Fig. 4 we show a comparison between the annealing factor for a 10 MeV Si exposure and a SPR-III shot with on the order of 1 for both exposures. The annealing factor [9] is defined as the following:
The annealing factor is the ratio of the number of defects at time, t, to the number of permanent defects. This formulation is used to normalize out both the initial gain and the fluence variation between irradiations. For the annealing factor curves we have used a post ASTM [10] anneal gain as the final gain values. This anneal (80 C for 1 hour) is designed to mimic several years of annealing at room temperature and aid in comparisons between different irradiation conditions. We show a first comparison between the early-time transient annealing between ion and neutron irradiated samples that have the same 1 MeV neutron equivalent fluence. In both cases we have a pulse length on the order of 100 s with final gain on the order of 1. We plot the annealing factor to normalize for shot-to-shot variation in fluence and pre-irradiation gain values. The early-time comparison ( 10 s) is of limited value because of late-time gammas which mask the response of the device in the fast neutron experiments (the ion irradiation is a well defined square pulse enabling early-time transient annealing studies). These gammas are caused by the activation of the reactor itself and the oscillations observed in the data are due to physical oscillations (ringing) of the reactor after the shot. The subsequent comparison indicates good agreement between the time dependence of the ion and neutron irradiations. At this point in time we have made no attempt to match the time base between the two facilities. The peak of the neutron fluence is significantly slower ( 300 s) in time as compared to the IBL pulse which is a sharp well defined square pulse. As we are comparing the two facilities from early to late times this small effect of shifting the time axis does not affect the overall conclusions that we can draw from this figure. Namely, the annealing rates are very comparable between the two facilities and that the late-time post ASTM anneal gains are very similar for comparable damage levels.
IV. DISCUSSION
While the results shown in Fig. 1 are very positive, allowing for a method of scaling between ion and neutron irradiations in the linear Messenger regime, the dramatic suppression of the DLTS spectra for the 48 MeV Si irradiations (Fig. 2) with no change in the damage factor is problematic. Furthermore, the nonlinearity observed in the damage factor for the neutron, 10 and 28 MeV Si irradiations must be explained. We see two reasons why the damage factor could be nonlinear. The first is because (2) was derived [1] using only the diffusion current contribution of the current across the forward biased base-emitter junction. At higher damage levels recombination current [11] dominates the base current response, hence (2) could become nonlinear at higher fluence. A second problem at higher fluence is collector compensation as we have discussed here. The nonlinearity is related to the compensation of the lightly-doped (9 10 cm ) collector. This effect corresponds to the depth profile of the damage throughout the device. Neutrons have a very small collision cross-section with Si atoms (no Coulomb interaction), i.e., most neutrons pass through the device without striking a Si atom. Those that do strike a Si atom cause localized collision cascades. This results in uniform damage creation throughout the depth of the device. Ions, on the other hand, tend to lose energy as they travel deeper in the device because of both a large collision cross-section (nuclear-stopping power) and ionization (electronic-stopping power). The net result is that damage creation varies as a function of penetration depth. This is further compounded by the geometry of the device. In Fig. 5(a) we show a cross-sectional view of the Microsemi 2n2222 device. The two main regions of interest are the active areas of the device directly under the emitter contact and the field oxide region over the emitter diffusion (between the emitter and base contact fingers). The relative areas of each of these key regions are indicated on the figure. In Fig. 5(b) and (c) we plot the penetration depth for 10, 28 and 48 MeV Si ions as determined from SRIM-2006 [12] for each of the two regions. In the case of the 10 MeV Si irradiation the end of range corresponds to the base-emitter junction for the emitter contact region, whereas for the field oxide region the end of range is deeper and produces a damage peak in the neutral base. The Fig. 6 . Measured collector doping as a function of depth from the base-collector junction is plotted for several 48 MeV Si irradiations. We observe a continuous increase in the zero-bias depletion width and a decrease in the effective collector doping as a function of fluence. For an irradiation that corresponds to an inverse gain degradation on the order of 2 we measure a factor of two decrease in the collector doping. In addition, the zero-bias depletion width is greatly increased. Both effects indicate that we are compensating the collector doping with increasing damage levels. Care must be taken interpreting the effective collector doping level as we have a large resistor in series with the collector as a result of the compensation. By changing the frequency of the capacitance bridge the N versus depth curve changes, thus indicating a resistive component.
damage peaks for the 28 MeV Si irradiation occur in the collector region of the device, and the 48 MeV Si irradiation peaks in the device substrate. The nonlinearity in the damage factor for the 28 MeV Si data is directly related to its end of range being located in the collector of the device. At high enough fluence the lightly-doped collector becomes compensated. That is, each dopant is compensated by a corresponding trapping center, this resulting in an enlargement of the zero-bias depletion width and the addition of a large resistor in series with the collector changing the properties of the device and causing the nonlinear response. In the case of the 10 MeV Si beam the deepest end of range peak is located at the neutral base, and as a result the collector region is less damaged and the nonlinearity occurs at much higher fluence. The 48 MeV Si irradiation was chosen to ensure a relatively flat damage profile in the critical region of the device, the base-emitter junction. This results in a linear Messenger-Spratt response even at extremely high fluence values. There is, however, a factor of two difference between the displacement damage (number of vacancies/ion/ as calculated using SRIM-2006) at the base-emitter junction compared to the end of the collector. Through capacitance-voltage (CV) measurements we have shown that the apparent collector doping drops as much as a factor of two for the high fluence irradiations (see Fig. 6 ). Similar results are seen for the high fluence fast neutron, 10 and 28 MeV Si irradiations where the damage factor becomes nonlinear (see Fig. 7 for the fast neutron results). Similar to the 48 MeV ion results, the DLTS amplitude, as measured at the collector after neutron damage, does not scale at high fluence because the collector becomes compensated. We find that one needs to consider not only the linear response of the inverse gain degradation (probing the base-emitter junction), but also CV and DLTS measurements to ensure that the low doped collector is not compensated.
After using a combination of the damage factor, DLTS and CV measurements to ensure that we have a valid comparison between facilities, we will use the annealing factor as a means of understanding differences in the annealing rates. Currently, we are addressing the issues of annealing during the irradiation pulse width, as well as the effects of photocurrents on the annealing rates. In a typical fast burst neutron irradiation we measure peak photocurrents on the order of 2 to 5 mA. This is very comparable to the peak photocurrents generated with the 10 MeV Si irradiation. In contrast, high energy Si irradiations generate peak photocurrents on the order of 100 to 200 mA. In Fig. 8 , we show a comparison between a fast neutron and a 36 MeV Si irradiation. This example was chosen to illustrate the observed differences in the annealing factor, which appears to be related to enhanced annealing during the pulse. I.e., the early-time behavior of the annealing factor becomes much more linear and drops in amplitude. We believe that these effects are due to the enhanced annealing during the irradiation pulse, due to the large electron density present, but we must isolate additional effects such as temperature rise to further study the issue.
V. CONCLUSION
We have compared ion and fast neutron irradiations to determine an ion-to-neutron damage equivalence. We find that a combination of metrics is needed to ensure a comprehensive understanding of the physics involved in the ion-to-neutron conversion. While the inverse gain degradation is linear to the highest measured fluence for the 48 MeV Si irradiation, this metric is primarily probing the base-emitter junction and is not indicating the collector compensation that occurs, as evident in the CV spectra. As a result, care must be taken in choosing the irradiation beam for ion exposures. The displacement damage should be peaked in the base-emitter junction to both ensure maximum gain degradation and to minimize collector compensation.
